Prolactin (PRL) induces ␤-cell proliferation and glucose-stimulated insulin secretion (GSIS) and counteracts the effects of glucocorticoids on insulin production. The mechanisms by which PRL up-regulates GSIS are unknown. We used rat islets and insulinoma (INS-1) cells to explore the interactions of PRL, glucose, and dexamethasone (DEX) in the regulation of ␤-cell pyruvate carboxylase (PC), pyruvate dehydrogenase (PDH), and the pyruvate dehydrogenase kinases (PDKs), which catalyze the phosphorylation and inactivation of PDH. PRL increased GSIS by 37% (P Ͻ 0.001) in rat islets. Glucose at supraphysiological concentrations (11 mM) increased PC mRNA in islets; in contrast, PRL suppressed PC mRNA levels in islets and INS-1 cells, whereas DEX was without effect. Neither PRL nor DEX altered PC protein or activity levels. In INS-1 cells, PRL increased PDH activity 1.4-to 2-fold (P Ͻ 0.05-0.001) at glucose concentrations ranging from 2.5-11 mM. DEX reduced PDH activity; this effect was reversed by PRL. PDK1, -2, -3, and -4 mRNAs were detected in both islets and insulinoma cells, but the latter expressed trivial amounts of PDK4. PRL reduced PDK2 mRNA and protein levels in rat islets and INS-1 cells and PDK4 mRNA in islets; DEX increased PDK2 mRNA in islets and INS-1 cells; this effect was reversed by PRL. Our findings suggest that PRL induction of GSIS is mediated by increases in ␤-cell PDH activity; this is facilitated by suppression of PDKs. PRL counteracts the effects of DEX on PDH and PDK expression, suggesting novel roles for the lactogens in the defense against diabetes. (Endocrinology 151: 3074 -3083, 2010) 
T
he lactogenic hormones prolactin (PRL) and placental lactogen (PL) induce ␤ cell replication, insulin production, and glucose-stimulated insulin secretion (GSIS) in human fetal pancreas, isolated human islets, and pancreatic islets of newborn and adult rats and mice (1) (2) (3) (4) . These effects are mediated through binding to a common PRL receptor, which is expressed in abundance in islet ␤-cells during late fetal, neonatal, and adult life (5) (6) (7) (8) . Constitutive expression of PL in insulinoma cells in vitro and in mouse islets in vivo stimulates ␤-cell hyperplasia and increases insulin production (9, 10) . Conversely, targeted knockout of the PRL receptor reduces ␤-cell mass, GSIS, and glucose tolerance in nonpregnant and pregnant mice (11, 12) . Thus, the lactogens are essential for normal ␤-cell development and function.
The mechanisms by which PRL and PL enhance GSIS have not been elucidated. PRL induces ␤-cell expression of glucose transporter 2 mRNA and glucokinase activity (13, 14) , suggesting that PRL induction of GSIS may be mediated in part by glucose uptake and use. Indeed, both glucose and PRL induce Forkhead box O (FoxO)-1 phosphorylation, reduce the expression of peroxisome proliferator-activated receptor-␣ and carnitine palmitoyl transferase-1 mRNAs, and inhibit fatty acid oxidation in islets and insulinoma cells (15) (16) (17) (18) . Moreover, both glucose and PRL oppose the effects of glucocorticoids on ␤-cell proliferation, insulin production, glucokinase activity, and GSIS in insulinoma (INS-1) cells (14, 19 -22) . However, unlike glucose, PRL is not an acute insulin secretagogue (20 -22) . Moreover, PRL and glucose have synergistic effects on ␤-cell replication (23) , rat insulin gene expression (11, 13) , and GSIS (20, 22) . These observations suggest that PRL and glucose exert insulinotropic effects through distinct but overlapping mechanisms of action.
In this study, we compared the effects of PRL and glucose on ␤-cell metabolism of pyruvate, which is converted to acetyl-CoA by pyruvate dehydrogenase (PDH) or to oxaloacetate by pyruvate carboxylase (PC). PDH is in turn regulated by the pyruvate dehydrogenase kinases (PDKs), which phosphorylate PDH and thereby inhibit its activity. We analyzed the effects of PRL and glucose on expression of PC, PDH, and PDKs in isolated rat islets and rat INS-1 cells and explored the interactions of PRL with dexamethasone (DEX), which inhibits GSIS.
Materials and Methods

Materials
RPMI 1640, DMEM, L-glutamine, antibiotic/antimycotic solution, fetal bovine serum (FBS), and Trizol reagent were purchased from Life Technologies (Rockville, MD). DEX was from Sigma Corp. (St. Louis, MO). Rat PRL (lot AFP7545E) was purchased from Dr. Albert F. Parlow (Hormone Distribution Program, National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA). The Bradford protein reagents were from Pierce Biotechnology (Rockford, IL). Rat insulin RIA Coat-a-Count kits were purchased from Diagnostic Products Corp. (Los Angeles, CA). The high-capacity cDNA archive kits and SYBR Green PCR master mixes were purchased from Applied Biosystems Inc. (Foster City, CA). Radioimmunoprecipitation assay (RIPA) lysis buffer kit for whole-cell lysate protein isolation was from Santa Cruz Biotechnologies (Santa Cruz, CA). A mouse monoclonal antibody to ␥-tubulin was from Sigma. Goat polyclonal PDK2 and PDK4 antibodies were from Santa Cruz Biotechnologies.
Cell culture
Primary rat islets were isolated from about 250-g male Wistar rats by a previously described procedure (24) . The preincubation medium (used during the first 24 h after isolation) was RPMI 1640 containing 6.8 mM glucose, 10% FBS, 10 mM HEPES, and 1% antibiotic/antimycotic solution. After washing, the islets were incubated for varying periods of time with hormones or diluents in RPMI 1640 basal medium containing 0.5% BSA and varying glucose concentrations. Preliminary experiments showed half-maximal and maximal effects of PRL at concentrations equal to 2 and 20 nM, respectively; these concentrations are comparable with the circulating concentrations of PRL in pregnant women (ϳ5-8 nM), nonpregnant women (ϳ0.5-1 nM), and newborn infants (ϳ8 -16 nM) (25) .
Rat INS-1 cells (originally supplied by Dr. C. Wollheim, University Medical Center, Geneva, Switzerland) were grown in RPMI 1640 (11.1 mM glucose) supplemented with 10% FBS, 50 M 2-mercaptoethanol, 1 mM sodium pyruvate, 10 mM HEPES, and 1% antibiotic/antimycotic solution in 5% CO 2 at 37 C. At approximately 80% confluence, the cells were washed and incubated with hormones or diluents for varying periods of time in basal medium containing DMEM with 0.1% human serum albumin (HSA), 10 g/ml human transferrin, 5 M ethanolamine, 0.1 nM T 3 , 50 M phosphoethanolamine, 1% antibiotic/antimycotic solution, and varying concentrations of glucose.
Basal insulin secretion and GSIS
Basal insulin secretion and GSIS were assessed in isolated rat islets. The islets were incubated for 48 h in RPMI 1640 containing 6.8 mM glucose and 10% FBS. The islets were then washed and incubated for 24 h in serum-free basal medium (5.5 mM glucose, 0.5% BSA) in the presence or absence of rat PRL. The islets were washed and preincubated for 1 h in serum-free secretion buffer (114 mM NaCl; 4.7 mM KCl; 1.2 mM KH 2 PO 4 ; 1.16 mM MgSO 4 ; 2.5 mM CaCl 2 ; 25 mM NaHCO 3 ; 20 mM HEPES; and 0.2% fatty acid free BSA, pH 7.4) containing 2.5 mM glucose. The islets were then transferred to fresh secretion buffer (2.5 mM glucose) and incubated for an additional hour. The conditioned media were collected for measurement of basal insulin secretion. The islets were then transferred to fresh secretion buffer containing 16.7 mM glucose. After an incubation lasting 1 h, the conditioned media were collected for measurement of GSIS. The islets were washed and lysed in RIPA lysis buffer. Insulin was measured with a Coat-a-Count insulin assay kit (Diagnostic Products Corp.) and expressed per microgram of cell protein. Protein was determined by the bicinchoninic acid (BCA) assay (26) , using BSA as standard.
Quantification of mRNA expression
Islets and INS-1 cells were washed with serum-free basal media and incubated for 24 h with varying concentrations of glucose in the presence or absence of PRL, DEX, or a combination of the two. Total RNA was extracted using Trizol reagent (Life Technologies) according to the manufacturer's protocol. cDNA was synthesized from RNA using the high-capacity cDNA archive kit (Applied Biosystems) according to the manufacturer's protocol. Quantitative real-time PCR (Q-RTPCR) was performed using an ABI 7300 real-time PCR system (Applied Biosystems). Oligonucleotide primers were designed using the Primer Express program from Applied Biosystems. Amplicon lengths ranged from 90 to 150 bp; all primer pairs spanned introns. Negative controls were processed without reverse transcriptase. All samples from a single experiment were run using a single PCR mixture. Expression levels were normalized against the levels of actin or acidic ribosomal phosphoprotein P0 (riboprotein), a housekeeping gene that shows little change during cellular growth or differentiation (27) .
The levels of mRNA were quantified using the comparative threshold cycle (C T ) method. Table 1 shows the sequences of the primers used for Q-RTPCR and the mean C T values obtained in INS-1 cells and isolated islets (before the change to basal medium).
Quantification of PC protein levels by Western blot
For measurements of PC protein levels in islets and INS-1, we loaded protein lysates on denaturing NuPAGE 3-8% Tris-acetate gels (Invitrogen, Carlsbad, CA); the proteins were then transferred to polyvinylidene difluoride membranes (Invitrogen). After blocking overnight in 5% milk diluted in Tris-buffered saline and 0.2% Tween 20 (TBS-T), the membranes were incubated for 45 min with horseradish peroxidase-conjugated streptavidin (Chemicon, Temecula, CA) diluted 1:4000 in TBS-T containing 5% BSA. Membranes were washed for 4 -5 min in TBS-T. PC levels were quantified on a VersaDoc model 4000 imaging system (Bio-Rad, Los Angeles, CA), using the biotinbinding protein propionyl-CoA carboxylase as a loading control (Bio-Rad) (28) .
PC enzyme activity
Islets and INS-1 cells treated with PRL or diluent were washed in ice-cold PBS three times and dissolved in 250 l buffer of 250 mM sucrose; 1 mM EDTA; 10 mM Tris-HCl; and 2 mM ATP, pH 7.4 (29, 30) . The cell lysates were frozen at Ϫ80 C before measurements of PC activity.
PC enzyme activity was measured using a slight modification of the method of MacDonald and colleagues (31, 32) . Forty microliters of cell lysate were incubated at 37 C for 30 min with 160 l of reaction buffer, which contained 160 mM Tris-HCl; 16.6 mM MgCl 2 ; 166 mM KCl; 13.3 mM sodium pyruvate; 270 mM acetyl CoA; 0.17% Triton X-100, pH 7.6; and 1.6 Ci [ 14 C]NaHCO 3 /ml. The reaction was terminated by addition of an equal volume of 10% trichloroacetic acid. Eighty percent of the resulting mixture were transferred to scintillation vials and allowed to evaporate to dryness for 20 -24 h to allow liberation of unreacted 14 CO 2 . Radioactivity incorporated into resulting dicarboxylic acids was estimated by liquid scintillation spectrometry. Protein was determined by the BCA assay (26) using BSA as standard. The results were expressed as nanomoles per milligram protein per hour.
PDH enzyme activity
PDH activity was measured in islets and INS-1 cells. After a 24-h incubation with PRL or diluent in serum-free basal medium (containing glucose concentrations 2.5, 5.5, and 11 mM), the cells were washed in ice-cold PBS three times, scraped, and lysed in 250 l buffer of 250 mM sucrose; 1 mM EDTA; 10 mM TrisHCl; and 2 mM ATP, pH 7.4 (29, 30) . The cell lysates were frozen at Ϫ80 C until oxidation experiments were performed. At the time of the assay, the cell lysates were freeze thawed three times and passed through a 1-ml syringe 10 times.
The liberation of 14 CO 2 from [1-
14
C] pyruvate was used to assess PDH activity as previously described (33, 34) . The reaction buffer contained [1- 14 C] pyruvate (1 Ci/ml, 1 mmol) in 100 mM sucrose, 10 mM Tris-HCl, 10 mM KPO 4 , 100 mM KCl, 1 mM MgCl 2 ⅐6H 2 O, 1 mM L-carnitine, 0.1 mM malate, 2 mM ATP, 0.05 mM CoA, 1 mM dithiothreitol, and 0.5% BSA (pH 7.4). Forty microliters of the cell lysate were plated in quadruplicate in a modified 48-well cell culture plate (Costar, Cambridge, MA) as described previously (29, 30) . A small groove was engineered between adjacent wells so that CO 2 could freely diffuse between the incubation and trap wells. Reactions were begun by the addition of 160 l reaction buffer. Culture plates were sealed with Parafilm and a siliconized rubber gasket and allowed to incubate in a shaking water bath at 37 C. Reactions were terminated after 60 min by addition of 100 l of 70% perchloric acid to the incubation wells. The incubation plate was transferred to an orbital shaker and 14 CO 2 was trapped in 200 l of 1 N NaOH for 1 h at room temperature. Trapped radioactivity was determined by liquid scintillation spectrometry. Protein was determined by the BCA assay (26) 
Quantification of PDK2 and PDK4 protein levels by Western blot
Islets were washed with serum-free basal media and incubated with hormones or diluent for 24 h to assess PDK2 and PDK4 protein levels. The islets were washed in ice-cold PBS, collected, and centrifuged at 5000 ϫ g for 2 min. The resulting pellets were then either frozen at Ϫ80 C or used immediately for protein extraction. RIPA lysis buffer kit (Santa Cruz Biotechnologies) was used to prepare whole-cell lysates for Western blotting.
For measurement of PDK2 and PDK4 protein, we separated 30 g of islet protein extracts on 4 -12% Bis-Tris SDS-PAGE gels (Invitrogen) and transferred the proteins to polyvinylidene fluoride membranes. The membranes were washed in TBS-T and then blocked in 4% milk buffer (Chemicon) ϩ 3% BSA (Sigma) for 60 min followed by quick washes in TBS-T. Membranes were probed with goat polyclonal anti-PDK2 and PDK4 antibodies according to the manufacturer's guidelines. The membranes were exposed to chemiluminescent substrate (ECL Advance Western blotting detection kit; GE Health Care, Piscataway, NJ) and imaged using the VersaDoc imaging system (Bio-Rad). Mouse monoclonal antitubulin antibody was used as internal control. Proteins were quantified by densitometric analysis of the blots using Image J software (rsb.info.nih.gov/ij).
Statistical analysis
All assays were performed in triplicate or quadruplicate unless otherwise noted. Data are expressed as mean Ϯ SEM of all values obtained in two to five independent experiments. Differences among sample means were tested by ANOVA, followed by the Neuman-Keuls or Bonferroni tests of multiple comparisons. A P Ͻ 0.05 was considered statistically significant.
Results
Effect of PRL on basal insulin secretion and GSIS in isolated rat islets
To test the effect of PRL on insulin secretion, we incubated rat islets for 24 h in serum-free basal medium (5.5 mM glucose, 0.5% BSA) in the presence or absence of rat PRL (20 nM). The islets were washed and preincubated in a secretion buffer containing 2.5 mM glucose. The islets were then transferred to fresh secretion buffer (2.5 mM glucose) and incubated for an additional hour for measurement of basal insulin secretion in conditioned media. The islets were then transferred to fresh secretion buffer containing 16.7 mM glucose. After an incubation lasting 1 h, the conditioned media were collected for measurement of GSIS. As shown in Fig. 1 , prior treatment with PRL for 24 h had no significant effect on basal insulin concentrations normalized per microgram protein. After incubation with high glucose (16.7 mM), however, insulin levels in the conditioned media were 37% higher in PRLtreated cells than diluent-treated cells (n ϭ 8, P Ͻ 0.001). Similar effects were observed in our previous studies using rat insulinoma (832-13) cells (18) : PRL stimulated a 48% increase in GSIS and reversed the inhibitory effect of DEX.
Effect of glucose, PRL, and DEX on PC mRNA levels
Several investigators have provided evidence that mitochondrial metabolism is coupled to insulin secretion through control of pyruvate metabolism by PC (35-39) ; GSIS correlates strongly with PC-catalyzed anaplerotic flux into the trichloroacetic acid cycle and stimulation of pyruvate cycling activity. We therefore examined the effects of PRL, glucose, and DEX on PC expression in isolated rat islets and INS-1 cells.
PC is regulated at least in part at the level of transcription. Our initial studies examined the levels of PC mRNA in islets and INS-1 cells incubated at varying glucose concentrations. mRNA levels were analyzed after a 24-h incubation in serum-free medium containing 2.5, 5.5, or 11 mM glucose. As shown in Fig. 2 , the levels of PC mRNA in islets incubated in 11 mM glucose were 63.7% (P Ͻ 0.001) higher than in islets incubated in 2.5 or 5.5 mM glucose. Glucose had no significant effect on PC mRNA levels in INS-1 cells. PRL reduced the levels of PC mRNA by 41-55% (P Ͻ 0.001) in islets incubated in 5.5-11 mM glucose and by 20 -36% (P Ͻ 0.05-0.01) in INS-1 cells. PRL also reduced PC mRNA in islets and INS-1 cells incubated in DEX, which alone had minimal or no significant effect on PC mRNA (Fig. 3) . Neither PRL nor DEX had a statistically significant effect on PC protein, as assessed by Western blot (data not shown), or on PC activity, as assessed by 
Effect of PRL and glucose on ␤-cell PDH activity
Insulin secretion correlates with the flux of glucose through PDH well as PC. In contrast to PC, PDH activity is regulated at the level of phosphorylation rather than transcription; PDH is activated by dephosphorylation and inactivated by phosphorylation. There are no commercially available antibodies to measure the phosphorylation state of PDH by Western blot; however, activation of PDH can be assessed by measuring the liberation of 
FIG. 1. Effect of PRL on basal insulin secretion and GSIS in isolated rat
islets. Isolated rat islets were incubated in RPMI 1640 containing 10% FCS and 6.8 mM glucose (growth medium). After 48 h in growth medium, the islets were washed and incubated in serum-free RPMI (5.5 mM glucose, 0.5% BSA) in the presence or absence of rat PRL (20 nM) for 24 h. Insulin secretion was measured as described in Materials and Methods. The figures show the means Ϯ SEM of all data from two independent experiments, each of which contained four samples per treatment group. ***, Statistically significant differences between the experimental groups (P Ͻ 0.001).
Endocrinology, July 2010, 151(7):3074 -3083 endo.endojournals.org
In preliminary studies, we found that measurements of PDH activity in isolated islets were impossible to interpret; nonspecific counts equaled or exceeded the calculated levels of PDH activity, possibly because total cellular protein content was low. We therefore examined the effects of PRL and glucose on PDH enzyme activity in INS-1 cells; the higher concentrations of protein in INS-1 cell extracts permitted reliable assessments of PDH activity.
As shown in Fig. 4A , an increase in ambient glucose concentrations stimulated an increase (P Ͻ 0.01) in PDH activity in INS-1 cells (2.5 mM, 0.43 Ϯ 0.05 nmol/mg protein ⅐ h; 5.5 mM, 0.98 Ϯ 0.10 nmol/mg protein ⅐ h; 11 mM, 1.94 Ϯ 0.27 nmol/mg protein ⅐ h). PRL increased PDH activity in INS-1 cells (ϩ35-63%, P Ͻ 0.05-0.001) at all glucose concentrations. The combination of 11 mM glucose plus PRL appeared to have an additive effect; PDH activity in cells incubated in 11 mM glucose plus PRL was 63% higher (P Ͻ 0.05) than in INS-1 cells incubated in 2.5 mM glucose plus PRL.
We next examined the interactions of PRL with DEX, a glucocorticoid that inhibits GSIS in isolated islets and insulinoma cells (18, 20, 22, 40 -42) . In INS-1 cells incubated in 5.5 mM glucose, DEX (100 nM) reduced PDH activity by 90% (P Ͻ 0.001, Fig. 4B ). In contrast, PRL (20 nM) stimulated a 2-fold increase (P Ͻ 0.01) in PDH activity and reversed the effects of DEX (P Ͻ 0.05).
Expression of PDK mRNA isoforms in insulinoma cells and islets PDH is activated by PDH phosphatase and inactivated by PDKs (43).
Long-term modulation of PDH is mediated in part by transcriptional regulation of PDK genes (43) . In the liver, PDK expression is increased by starvation, diabetes, and glucocorticoids and reduced by insulin (44 -48) . We therefore characterized the expression of PDK mRNAs in rat islets and insulinoma cells and examined their regulation by PRL, glucose, and DEX.
The PDKs are expressed as four isoforms (PDKs 1-4) . We used Q-RTPCR to estimate the relative abundance of the various mRNAs in isolated rat islets and INS-1 cells. The mean C T values provide an estimate of the relative abundance of the various mRNAs; the C T value is inversely proportional to the amount of mRNA (Table 1) . PDK1, -2, -3, and -4 were expressed in islets as well as INS-1 cells (Table 1) , but the levels of PDK4 mRNA in INS-1 cells were about 30,000-fold lower than those in rat islets.
Effects of PRL and glucose on PDK gene expression in islets and INS-1 cells
Our initial studies showed that PRL had no consistent effects on PDK1 or -3 mRNAs in isolated rat islets or INS-1 cells. However, PRL reduced the levels of PDK2 and -4 mRNAs in islets and PDK2 mRNA in INS-1 cells. We therefore examined the interactions of PRL, glucose, and DEX in the regulation of PDK2 and PDK4 expression.
As shown in Fig. 5 , A and B, PDK2 mRNA levels were 2-fold higher (P Ͻ 0.01) in islets and 22% higher (P Ͻ 0.01) in INS-1 cells incubated in 11 mM glucose than in islets or INS-1 cells incubated in 2.5 or 5.5 mM glucose. PRL reduced by 50% (P Ͻ 0.01) the expression of PDK2 mRNA in islets incubated in 5.5 mM glucose and by 25-42% (P Ͻ 0.05-0.001) the expression of PDK2 mRNA in INS-1 cells. DEX increased PDK2 mRNA in islets and INS-1 cells; this effect was reversed by coincubation with PRL (Fig. 6, A and B) . PDK2 protein levels were assessed by Western blot (Fig. 6C) . PRL decreased PDK2 protein levels by 34.3% (P Ͻ 0.05) compared with control. DEX alone had no significant effect on PDK2 protein levels. The levels of PDK2 protein were 66.4% (P Ͻ 0.01) lower in islets treated with PRL ϩ DEX than islets treated with DEX alone.
As shown in Fig. 7A , PDK4 mRNA levels were 2-fold higher (P Ͻ 0.001) in islets incubated in 11 mM glucose than islets incubated in 2.5 or 5.5 mM glucose. PRL reduced PDK4 mRNA by 30 -80% (P Ͻ 0.001) in islets incubated at 5.5 or 11 mM glucose. DEX had no significant effect on PDK4 mRNA but attenuated the effect of PRL (Fig.  7B ). Attempts to quantify PDK4 protein by Western blot were unsuccessful because of high nonspecific binding of antisera to cell proteins fractionated by electrophoresis. 
Discussion
The mechanisms by which PRL regulates ␤-cell insulin production have not been elucidated. PRL increases glucose transport, glucose transporter 2 mRNA, and glucokinase activity in islets and insulinoma cells (13, 14, 20, 22, 49, 50) ,
suggesting that its induction of GSIS is mediated in part by glucose uptake and utilization. A major step in glucose utilization is the glycolytic generation of pyruvate. In the current study, we explored the interactions of PRL, glucose, and glucocorticoids in the regulation of PC and PDH, which in pancreatic ␤-cells contribute equally to the flux of pyruvate into the Krebs cycle (51, 52) . Whereas glucose at supraphysiologic concentrations (11 mM) stimulated an increase in PC mRNA in rat islets, PRL reduced PC mRNA in islets and INS-1 cells. The inhibitory effect of PRL was noted in the presence or absence of DEX. However, PRL had no effect on PC protein levels, assessed by Western blot, or PC activity, assessed by [
14 C] radioactivity incorporated into dicarboxylic acids. Thus, the induction of GSIS by PRL cannot be explained by induction of PC expression. Rather, PRL induction of GSIS correlates with induction of PDH activity. Like glucose, PRL stimulated an increase in PDH activity in INS-1 cells and reversed the effect of DEX, which inhibited PDH. The magnitude of the PRL effect on PDH was greater at 2.5 and 5.5 mM than at 11 mM glucose, suggesting that PRL action is mediated through mechanisms distinct in part from glucose uptake or utilization. 
FIG. 7.
Effects of PRL and glucose on PDK4 mRNA levels in rat islets. A, Islets were incubated for 24 h in serum-free RPMI 1640 with varying glucose concentrations (2.5, 5.5, and 11 mM, 0.5% BSA). mRNA levels were measured by Q-RTPCR. Values in diluent-treated control cells were adjusted so that the mean equaled 1.0; values for hormone-treated cells were calculated as a function of the mean of control values. The control C T value was 21 (Table 1) . Values represent the means Ϯ SEM of four samples in a representative experiment. Statistically significant differences between the experimental groups are indicated (*, P Ͻ 0.05; ***, P Ͻ 0.001). Similar results were obtained in four independent experiments. B, PDK4 mRNA levels were measured in islets incubated for 24 h in serum-free media (5.5 mM glucose, 0.5% BSA) in the presence or absence of PRL (20 nM), DEX (100 nM), or a combination of the two. PDH is activated by PDH phosphatase and inactivated by PDKs (43) . We showed that PDKs 1-4 are expressed in rat islets. In contrast, INS-1 cells express PDKs 1-3 but little or no PDK4. Supraphysiological concentrations of glucose (11 mM) induced expression of PDK2 and -4 mRNAs in islets and INS-1 cells; in contrast, PRL decreased the levels of PDK2 mRNA and protein in islets and INS-1 cells and reduced PDK4 mRNA in rat islets. PRL also reversed the induction of PDK2 by DEX. These findings suggest that the opposing effects of PRL and DEX on GSIS are mediated in part through opposing effects on PDK-regulated PDH activity. Given that 11 mM glucose stimulated increases in PDK2 and PDK4 mRNAs in islets and INS-1 cells, the effects of PRL on PDK expression appear to be distinct from, or to overlap with, the hormone's effects on glucose transport or use.
The mechanisms by which PRL and DEX regulate PDK expression are currently unclear. One possible pathway involves the regulation of PDK mRNA by the forkhead protein FoxO1. FoxO1 binds to the PDK4 promoter and up-regulates PDK4 expression (43, 53) . In recent studies we demonstrated that PRL down-regulates and DEX upregulates nuclear expression of FoxO1 in ␤-cells (18) .
Fasting, malnutrition, and diabetes are associated with increases in hepatic PDK expression and reductions in hepatic and ␤-cell PDH activity (44, 54, 55) . Thus, suppression of PDK and up-regulation of PDH in ␤-cells may counteract the effects of nutrient deprivation, diabetes, and metabolic stress. Interestingly, overexpression of placental lactogen in ␤-cells in vivo protects against the development of diabetes in streptozotocin-treated mice (10, 56, 57) . In recent manuscripts (18, 49, 58) , we posited that the lactogenic hormones may maintain ␤-cell mass and function under conditions of stress and nutrient deprivation and may thereby protect against the development of gestational or glucocorticoid-dependent diabetes mellitus. Our demonstration that PRL reverses the effects of DEX on PDK expression and PDH activity is consistent with this hypothesis.
